Objectives. We aimed to critically appraise scientific, peer-reviewed articles, published in the past 10 years on the effects of hydration on voice quality in adults. Study design. This is a systematic review. Methods. Five databases were searched using the key words "vocal fold hydration", "voice quality", "vocal fold dehydration", and "hygienic voice therapy". The Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) guidelines were followed. The included studies were scored based on American Speech-Language-Hearing Association's levels of evidence and quality indicators, as well as the Cochrane Collaboration's risk of bias tool. Results. Systemic dehydration as a result of fasting and not ingesting fluids significantly negatively affected the parameters of noise-to-harmonics ratio (NHR), shimmer, jitter, frequency, and the s/z ratio. Water ingestion led to significant improvements in shimmer, jitter, frequency, and maximum phonation time values. Caffeine intake does not appear to negatively affect voice production. Laryngeal desiccation challenges by oral breathing led to surface dehydration which negatively affected jitter, shimmer, NHR, phonation threshold pressure, and perceived phonatory effort. Steam inhalation significantly improved NHR, shimmer, and jitter. Only nebulization of isotonic solution decreased phonation threshold pressure and showed some indication of a potential positive effect of nebulization substances. Treatments in high humidity environments prove to be effective and adaptations of low humidity environments should be encouraged. Conclusions. Recent literature regarding vocal hydration is high quality evidence. Systemic hydration is the easiest and most cost-effective solution to improve voice quality. Recent evidence therefore supports the inclusion of hydration in a vocal hygiene program.
INTRODUCTION
Almost a third of the population of the United States will have some type of voice disorder across their life span. 1 More specifically, professional voice users exhibit the highest prevalence of voice disorders due to excessive voice demands. 2 A voice disorder can have negative effects on an individual and may adversely impact their quality of life in terms of occupational change or loss, social isolation or withdrawal, depression and/or a difficulty being understood by others. 3, 4 A targeted or eclectic approach tailored to the specific needs of the client describes an approach to intervention for voice disorders and constitutes a diverse range of techniques which voice professionals implement to improve voice production and quality. 5 One aspect often included in an eclectic approach is hygienic voice therapy, which focuses on eliminating and/or modifying phonotrauma. The most suggested method, however, is to improve vocal hygiene by increasing hydration levels. 6 Hydration can be described as an adequate level of water in the body and dehydration as a lack of water. 7, 8 Hydration occurs at different levels in the body. The first, systemic hydration refers to general body hydration that keeps mucosal tissue healthy. This level of hydration is achieved by ingesting fluids, with the typical recommendation of eight glasses of water per day. 8 The second level, superficial or surface hydration, refers to the moisture level that keeps the epithelial surface of the vocal folds healthy and pliable. 7 Superficial hydration is accomplished by inhalation of humidified air, nebulization, and/or avoidance of drying environments. 8, 9 The role water plays within the body is therefore not only anatomical by adding mass and form but also physiological by providing lubrication to adjoining tissues. 10 The relationship between hydration, vocal physiology, and vocal quality is, however, not yet fully understood. It is, however, believed that during collision of the folds during phonation, an interstitial transfer occurs that pushes fluid away from the area of vocal fold contact. 11 As a result, increased stress gradients are formed. These stress gradients are exacerbated in dehydrated tissue. 11 Frequent rehydration is thus required not only to maintain regular phonatory function, 12 but also to prevent vocal fold lesions due to these stress gradients. 11 Voicing, depending on the vocal demand, may be considered as a high-intensity, long-endurance muscle action. As a result, the vocal mechanism and subsequently the voice have been reported to be especially susceptible to dehydration. 8 A compromised state of hydration, even as little as 1%-2%, 8 is believed to limit physical performance of these sustained or intermittently repeated efforts. 10 These adverse alterations can result in greater contact time between the vocal folds and increased pulmonary effort for phonation. 13 Disturbances in the movement of the vocal folds and/or changes in glottal closure as a result of hydration changes may add to perturbations in the acoustic signal. 14 It is thus speculated that "dry" and "sticky" vocal folds do not oscillate as easily as wet and "loose" vocal folds. 15 These nonoptimal conditions can also lead to phonotraumatic behaviors. 7 Subsequently symptoms such as hoarseness, poor pitch and loudness control, increased effort and breathiness 16 are exacerbated further by reduced lubrication. Symptoms such as these can affect the quality of an individual's voice and may even lead to secondary organic pathologies, such as nodules, and subsequently impact the use of voice. 17 Although there are speculated benefits of hydration that theoretically appear plausible, in the past, only a few studies reported on the beneficial effects of hydration on voice quality. 9 Recently, however, vocal hydration has received renewed attention. Many studies have been conducted to determine the effect of hydration on the vocal folds and their functioning 9, [18] [19] [20] [21] [22] ; however, contradictory findings have been reported. The effects of dehydration can be seen on various aspects of voice acoustics; but the effects of rehydration or dehydration are contradictory, often indicating nonsignificant changes. 9, 19, 20, [22] [23] [24] [25] [26] Previous studies have mostly focused on the impact of hydration on the effort of phonation and not necessarily on voice quality and the acoustic parameters of the voice. 27 As a result, it is of great importance that the literature be critically appraised to determine if an increase in hydration is warranted as an approach to prevention and intervention of voice disorders. In addition, the quality of the studies should be evaluated to determine the validity and reliability of the results obtained within these studies.
METHODS

Study design
A systematic review was completed by following the Preferred Reporting Items for Systematic Review and Meta-Analyses Protocols (PRISMA-P). 28
Study inclusion criteria
The inclusion criteria comprised descriptions of the effects of various hydration states on the vocal quality measures of adults only. All studies selected were presented in English, based on the authors' proficiency in English, and presented original research data within the last 10 years (2007-2017). All studies were required to be scientific and peer reviewed to be included in the current review. Only human studies were included, and no limit was placed on the occupational group or gender. All participants within the studies were required to have normal perceptual voice quality and respiratory function and overall general good health as self-reported on by the participants. Three (85%) studies mentioned the use of the Consensus Auditory-Perceptual Evaluation of Voice (CAPE-V) to perceptually assess the voice quality. Across the studies participants denied the presence of an upper respiratory tract infection, allergies, nasal congestion, use of medication (except oral contraceptives), presence of laryngeal disease or a voice disorder, coronary disease, high blood pressure, recent microlaryngeal surgery, hearing impairment, and/or reflux. Three (85%) studies visually ensured that the participant had a normal laryngeal appearance using videolaryngealstroboscopy and assessed nasal resistance and respiratory function using spirometry. Reviews were excluded based on the fact that they do not provide original information, which could lead to reporting bias. Editorial notes, letters, and short surveys were excluded as they are considered as the lowest level of evidence. 29 Search methods for identification of the studies Five online electronic databases were searched in April 2017. The databases selected were MEDLINE, Scopus, Science Direct, psychINFO, and PubMed, based on their relevance to medical literature. The final search phrase used consistently across the databases was "(vocal fold hydration OR vocal cord hydration) AND (voice OR vocal quality OR phonation) OR (vocal dehydration OR rehydration OR vocal lubrication) OR (hygienic voice therapy)" and received a total of 440 hits across the databases. Duplicates found during the search were removed, and the abstracts of the articles were screened by the primary researcher for applicability.
The reference lists of the included articles were hand scanned to identify related articles (n = 4) and also served as a secondary literature search. After all duplicates and unrelated reports were excluded, the remaining reports (n = 48) were reviewed, in full, to determine if they met the inclusion criteria. To avoid bias, consensus was reached between three authors regarding the final inclusion of the articles (n = 20). Figure 1 represents the process of manuscript identification.
Data collection process and data items
Each article was analyzed for the following data items: title; authors; year of publication; country in which the study was conducted; the number of participants; participant age range and gender; the methodology; level of evidence; level of hydration; and acoustic, perceptual, and self-rating measures. The American Speech-Language-Hearing Association's (ASHA) level of evidence rating scale 29 (adapted from References 28 and 29) and the quality indicators in the ASHA levels-of-evidence scheme 33 were used to rate and score the articles based on various measures. Consensus was achieved between the primary author and two additional authors for two of the twenty (10%) selected articles on the levels of evidence and quality indicator scores.
Risk of bias
The Cochrane Collaboration's tool for assessing risk of bias 34 served as a guideline for assessing possible risk of bias in the selected article. The domains of selection bias, reporting bias, performance bias, detection bias, attrition bias, and the presence of any other biases were included. According to the tool, judgment involves assessing each domain as "low risk", "high risk", or as an "unclear risk". 34 There was no explicit assessment of risk of bias discussed in any of the selected articles, other than limited statements pertaining to possible bias. Conditions were labeled as "unclear" when information was absent or illdefined and could not be reliably reported on. Decisions on the presence of bias were made by consensus between the authors.
Data analysis
Descriptive statistics was used to describe features of the data obtained and to summarize findings of the research.
Thematic and inferential analysis was employed to analyze, organize, and synthesize the information extracted from the appraised articles to explain the findings in a qualitative manner. The main themes were identified within the data and extrapolated.
RESULTS AND DISCUSSION Study characteristics
Studies that compared surface and systemic hydration, dehydration, and rehydration effects on acoustic and perceptual voice quality measures were selected. Any dose, duration, and type of intervention was included. Combinations of qualitative and quantitative outcomes were analyzed.
For the purpose of this study, voice quality referred to aspects measured using acoustic and perceptual analysis, as well as selfrating scales. Acoustic measures included aspects such as frequency, intensity, noise-to-harmonics ratio (NHR), and perturbation measures. Noninstrumental measures such as the s/z ratio and maximum phonation time (MPT) were also included. Perceptual measures included perceived phonatory effort (PPE) measures and the perceptual rating scales, the CAPE-V 35 and the GRBASI scale. 36 Self-reported participant measures such as vocal fatigue and throat and mouth dryness were also reported on.
The characteristics of the 20 selected articles are presented in Table 1 . Data were collected mostly (n = 16; 80%) in the United States, a developed country. Four studies were conducted in the developing countries of South Africa (n = 1; 5%), Lebanon (n = 1; 5%), India (n = 1; 5%), and Brazil (n = 1; 5%). 42 Participants' ages ranged from 18 to 78 years across the selected articles. The numbers of participants vary across the studies from the lowest of 10 to the highest of 63 participants. Seven studies (35%) looked at the effect of systemic hydration and 13 (65%) studies focused on the effect of surface hydration. Eight were prospective studies (40%) and four were randomizedcontrol studies (20%). Half of the studies used pretest, posttest measures (n = 10; 50%) and nine had within-participant comparisons (45%).
In terms of the ASHA levels of evidence 29 (adapted from References 28 and 29), four studies (20%) achieved a level Ib and thus made use of randomization. Three studies (15%) scored a level IIa and nine studies (45%) a level IIb. Although these studies did not use randomization, they did include a within-subject comparison which reduces error variance and increases sensitivity of the experiment as individual factors are kept constant. 9 Four (20%) of the studies achieved a lower level of evidence at a level III. Overall, the majority (n = 16; 80%) of the studies achieved a level IIb and above and are thus considered as high-level studies.
Seventeen (85%) articles received a score of five and higher for the ASHA quality indicator 33 section revealing they are of good quality. Three (15%) articles received a score of four, which is indicative of a poorer quality. All articles (n = 20; 100%) received a score for an appropriate study design, intent-to-treat, at least one outcome measure that was valid and reliable, and reported significance values within their article. Only nine studies (45%) reported blinding of the assessors.
Risk of bias
The Cochrane Collaboration's risk of bias tool was used to assess each study ( Table 2) . Tanner et al (2007) 22 was the only study to present with a score of "low risk" in all domains and thus appeared to have limited bias within the study. All articles received a "low-risk" judgment for reporting and attrition bias as all data were completed and reported on within all the articles. Although most (n = 14; 70%) articles achieved a "low-risk" score for random sequence generation, only three articles (15%) adequately described how the allocations were concealed. Majority (n = 17; 85%) of articles showed an "unclear" risk of bias due to inadequate description of allocations. Eleven (55%) of the articles achieved inter-rater reliability, showing a high consensus rate for the results achieved in the articles.
ARTICLE IN PRESS
Effect of systemic hydration on vocal characteristics
As a result of all parameters not being measured in multiple studies, a discussion of these isolated parameters follows. A recent study revealed a statistically significant increase (P = 0.041) in the s/z ratio of a hypohydrated control group, indicating a possible decline in phonatory efficiency with inadequate hydration. 26 Scores for the GRBASI revealed a statistically significant increase (P = 0.046) for the grade of hoarseness measure in the hypohydrated group in comparison to the hydrated group. This indicates a negative effect of low hydration conditions and thus a decline in perceptual voice quality. 26 Voice Turbulence Index (VTI), defined as the overall degree of deviance of voice, decreased significantly (P = 0.045) during fasting. 23 The decrease in VTI, which essentially shows less deviance from normal voice, did not reveal significant negative results after a dehydrating condition as expected. Similarly, no significant results were found for the effects of hydration and hypohydration on the Dysphonia Severity Index. 26 Also, no significant differences between the caffeine and sham condition were found, leading to the conclusion that caffeine did not worsen the effects of loading on phonation threshold pressure (PTP). 39 However, systemic dehydration as a result of fasting resulted in a significant increase in PPE. 20, 23 Table 3 presents the parameters that were reported on in more than one study.
Hamdan and colleagues conducted studies on males and females during fasting. 20, 23 Only the latter study found a significant decrease (P = 0.001) in NHR, highlighting the negative effects of fasting on the NHR. 23 Van Wyk and colleagues (2017) 26 found that ingesting water had a significant positive effect on the maximum frequency (P = 0.015) singers could produce. This indicates that hydrated vocal folds are more pliable, allowing singers to reach higher notes than singers with dehydrated vocal folds, as dehydration affects the elastic and viscous properties of the vocal fold mechanism. 26 Four studies assessed the effects of hydration on shimmer. One study found a statistically significant decrease (P = 0.050) in shimmer in the hypohydrated condition, revealing an unexpected positive effect of a hypohydrated condition. 26 However, shimmer values are said to be more inaccurate in synthesized speech signals in comparison to jitter values and should thus be interpreted with caution. 26 Following the ingestion of fluids, a statistically significant (P = 0.05) decrease in shimmer results was reported. 9 The ingestion of caffeine, however, did not show significant effects on shimmer (P = 0.35) and jitter (P = 0.88). Higher doses of caffeine may have a more significant impact on vocal performance as a higher dose should theoretically have a larger dehydrating effect. 19 For jitter, the variation in frequency increased significantly in a hypohydrated condition (P = 0.041) in one of three studies. 26 This suggests that dehydration has a significant negative effect on jitter by increasing jitter values. Results revealed a statistically significant decrease (P = 0.05) in scores after a hydration schedule was implemented. 9 Although not always significant, the decrease in each comparison above for hydrating and rehydrating conditions points in a favorable direction for the inclusion of hydration regimes. 9 Fundamental frequency (or f0) did not reveal significant changes; however, in one study of habitual pitch, a significant decrease was found after fasting. 23 Despite the decrease in habitual pitch, the values were still within normal limits.
Mixed, nonsignificant results for the effect of dehydration on MPT were found. 20, 23 The decrease in MPT can be explained on the basis of a decrease in breath support and control, often evidenced in cases of vocal fatigue. 20 Short MPTs can also be indicative of vocal fold pathology. 26 However, one study found a statistically significant increase in MPT for sounds /a/ (P = 0.012) and /s/ (P = 0.024) after hydration. 26 Increased MPT may be a result of pliable, light, and thus easy to vibrate vocal folds that do not require a large subglottic pressure to vibrate for longer periods. Thus, the results found for the MPT further support the hypothesis of the benefits of systemic hydration. 26
Results as per surface hydration
Surface hydration appeared to have a positive effect on the NHR as a statistically significant increase (P < 0.05) was found after steam inhalation, thus ameliorating the negative effect of the desiccation challenge. 43 F0 showed a statistically significant increase in frequency for the /a:/ vowel (P = 0.036) but not for the /Ɛ:/ (P = 0.093) and /i:/ vowels (P = 0.068). The increase was considered as a positive finding as the vocal folds may have become lighter and thus able to vibrate quicker when well lubricated. 2 No statistical difference was found for the effect of low and moderate humidity on relative fundamental frequency (P = 0.97) or the cepstral peak prominence (P > 0.05) 44 or the low/high ratio (P > 0.05). 45 Superficial hydration also did not have significant effects on noise, the aperiodic component of the signal (P = 0.668), the irregularity of the voice over time (P = 0.795), or the glottal-to-noise excitation ratio (P = 0.616). Perceptual characteristics in CAPE-V scores (P = 0.171) also revealed nonsignificance. 44 Tanner et al looked at the effect of oral desiccation and subsequent rehydration using nebulization of an isotonic saline solution. 25 Cepstral spectral index of dysphonia (CSID) on the rainbow passage demonstrated significant negative effects by increasing after laryngeal desiccation (P = 0.0047). 25 The same results were not observed for sustained vowels (P = 0.2399). 25 Statistical significance was also revealed for an increase in throat (P < 0.001) and mouth (P < 0.0001) dryness after a laryngeal desiccation challenge of oral breathing. 25 After nebulization, a significant decrease in throat (P < 0.0001) and mouth (P = 0.0039) dryness was measured. Overall, nebulization of an isotonic solution showed positive results for the measures of CSID and throat and mouth dryness. 25 Measures that have been reported on in more than one study are discussed in Table 4 for comparison between studies.
One of three studies examining the effects of surface desiccation on jitter and shimmer revealed significant negative effects. Steam inhalation too showed significant positive effects on jitter and shimmer values. 43 Overall, results revealed a significant increase in jitter (P < 0.05) and shimmer (P < 0.05) values post dehydration and a significant decrease (P < 0.05) in values after a hydrating agent was introduced. These results indicated the significant negative effect of surface dehydration on jitter and shimmer and emphasized the positive effects of hydration. PTP was increased significantly (P < 0.05) after obligatory oral breathing in 6 of the 10 (60%) studies, confirming that vocal desiccation challenges are detrimental to phonation at low humidity. 22, 38, 39 PTP was also examined during resting breathing, during exercise and during reading aloud. 21, 37, 38 The results revealed PTP increased significantly during reading (P < 0.01), exercise (P < 0.01), 41 and submaximal exercise (P = 0.019). 21 This increase was likely as a result of increased vocal demand, oral breathing, and mouth opening that resulted in increased surface dehydration Only two (50%) of the four studies found a significant positive effect of higher humidity levels on PTP, as PTP was found to decrease in higher humidity conditions. 38, 39 However, it may be that moderate humidity is not sufficient enough to op-timally hydrate the airway to attenuate the negative vocal effects of loading or it may be that the amount of change could not be detected in PTP. 44, 45 A high humidity condition may thus be required to see greater change. The nasal route of breathing did not have significant effects on PTP. 38 Various pitch levels at the 10th, 20th, and 80th pitch percentage of their maximum frequency range were used across the studies to represent pitch levels of a low, comfortable, and high pitch, respectively. 41 The study found that accelerated breathing only revealed a significant increase for PTP20 (P = 0.001) but not for PTP10 (P = 0.06) and PTP80 (P = 0.60). 41 Although the increase was of small magnitude, it was especially noteworthy considering the short duration of the accelerated breathing challenge at a comfortable frequency. 41 Accelerated breathing, likened to that during exercise, induces airway dehydration as a result of fluid evaporation. 41 Other studies, however, also found significant effects for the pitch extremes of PTP10 and PTP80, [37] [38] [39] indicating differing hydration levels have significant effects on PTP at all pitch levels, which is especially noteworthy for both normal and professional voice users. Sivasankar and Erickson (2009) 41 and Tanner et al (2015) 25 found that mouth breathing did not significantly increase PTP. These results were contradictory to the majority (60%) of the studies that revealed a significant increase in PTP following laryngeal desiccation. None of the nebulized treatments were sufficiently robust to reverse or enhance the reversal of the negative effects associated with laryngeal desiccation on PTP, hence a lack of significant findings. 22 Following rehydration with sterile water, PTP remained significantly increased (P = 0.001) from the baseline measures, indicating that rehydration using nebulization of sterile water did not ameliorate the negative effects of the dehydration challenge. 25 Overall, results reveal that nebulization has limited benefits for improving PTP after vocal fold dehydration.
The final measure discussed is PPE. Many studies (n = 4 of 6) found that PPE increased significantly (P < 0.05) post dehydration, thus confirming a negative effect of dehydration on PPE. 21, [23] [24] [25] Only one study showed contradictory results that PPE decreased significantly (P = 0.0181) following the dehydrating condition, thus signaling a positive effect of dehydration on PPE. 22 Results indicated that nebulizing various solutions had no significant effect on PPE and did not significantly (P > 0.05) combat the negative effects of dehydration. 22, 24 Only nebulizing an isotonic solution after a laryngeal desiccation challenge of breathing dry air resulted in a significant improvement (P = 0.0009) and thus a decrease in PPE. 25 Only one study by Sundarrajan (2017) 45 reported a significant decrease (P = 0.01) in PPE when humidity was increased; however, other studies found nonsignificant effects (P > 0.05). 37, 38 CONCLUSIONS Systemic dehydration as a result of fasting and not ingesting fluids significantly affected the parameters of NHR, shimmer, jitter, maximum habitual pitch, the s/z ratio, VTI, phonatory effort, and the grade of hoarseness. 20, 26 Individuals who fast are thus encouraged to increase water intake before fasting and to decrease vocally demanding tasks that can predispose voice disorders. 23 A conservative dose of caffeine did not negatively affect voice production, which is of particular interest to individuals interested in maximizing vocal quality. 19 Systemic rehydration via ingestion of water was assumed to replenish the moisture level lost to dehydrating conditions by creating a more optimal condition for vocal fold movement. 18 Water ingestion thus had positive, significant effects on shimmer, jitter, maximum frequency, and MPT. These results suggest that welllubricated vocal folds require less subglottic pressure to vibrate, 9 optimizing the efficiency of vocal vibration and thus enhancing voice quality. 8, 46 Laryngeal desiccation challenges by oral breathing led to surface dehydration, which had significant negative effects on several acoustic parameters such as, jitter, shimmer, NHR, PTP, and PPE. With regard to surface hydration, steam inhalation had positive significant effects on NHR, shimmer, and jitter. Limited significant effects were found for moderate humidity conditions; however, low humidity environments revealed more significant negative effects. Avoidance or alterations of these low-humidity environments should be encouraged. Humidifiers that do not increase environmental humidity to a high level may thus not be useful in decreasing the negative effects of loading 44 as detrimental phonatory effects only appear to be reversed at 100% humidity. 41 Nebulization of sterile water did not reduce PTP significantly and PTP remained significantly increased. Nebulization of isotonic saline solution, however, showed positive significant effects by reducing the CSID rainbow passage and reducing mouth and throat dryness, which are self-reported measures. Nebulization appears to be perceived as having positive effects; however, it should not be recommended solely as a supplement to increasing surface hydration with the aim of improving vocal quality as perceived measures are not objective.
Although not all results for the outcomes of hydration were significant, an overall positive finding for both systemic and surface hydration was found. The most negative, significant results were seen for dehydration conditions and thus led to the recommendation of maintaining an adequate state of hydration.
The knowledge of substances that may affect voice production is essential to further improve vocal hygiene programs. 19 Most of the recent literature regarding hydration of the voice is of good quality evidence. The results above add to the knowledge of preventative and therapeutic procedures that are applicable for all voice users. 9 We can thus infer that systemic hydration is the simplest and most cost-effective way to improve voice quality as it has been shown to have an effect on the acoustic and some perceptual parameters of voice. Surface hydration, via steam inhalation, can also be suggested; however, this solution is not as practical and accessible as simple ingestion of water.
Future research should specifically focus on the effects of differing doses and durations of hydration schedules. Also, the combined effect of superficial and systemic hydration should be determined. By determining the most beneficial doses and durations, personalized hydration schedules can be designed and implemented for voice users. These studies should also ensure accurate data collection by including control of menstrual cycles, urine and blood analysis, and weight collection in their methodological protocol. They should also include control for time, voice rest, and vocal training. More studies can look at the effect of various dehydrating agents such as smoking, alcohol, and caffeine, and the detrimental doses and durations of these substances. Finally, further research can explore the effects of hydration schedules on various types of voice disorders.
In conclusion, maintenance of systemic hydration and increasing water intake should be encouraged in vocal hygiene programs. Avoidance or adaptation of surface dehydrating conditions and the addition of steam inhalation can be included in the program as an adjunct to systemic hydration. It is still, however, important that each individual's behaviors and environments be assessed to provide them with a unique and relevant program suited to their individualized needs.
